1. A procedure is described for the detection and assessment of informational complementarity in an amino acid sequence; it is based on possible autocomplementarity in the mRNA, and involves codon-to-codon matching. 2. This procedure was applied to myelin basic protein, a variety of protamines, histone IV, silk fibroin, rat skin collagen al chain and a sheep keratin. A multiplicity of extensive low-probability informational symmetries, based on codon-to-codon matching, were detected. 3. These low-probability orderings, which are independent of the actual mRNA codons, are rationalized in terms of the evolutionary ordering of the amino acid sequences concerned, in such a way that constraints on the secondary structure of the coding polynucleotides were satisfied. This possible interpretation is supported by a number of significant common properties of the protein sequences analysed.
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The non-randomness of amino acid sequences can be assessed from the point ofview ofprotein chemical function (Nishikawa & Ooi, 1974; Wu et al., 1974; Levitt & Warshel, 1975) or by comparative analyses, which can be used to reconstruct possible evolutionary events (Urbain, 1969; Dayhoff, 1972; Wu et al., 1974) . A further way of assessing the significance of an amino acid sequence is to examine the extent to which the sequence may have been determined by requirements for extensive secondary structure in the coding polynucleotides.
The sequencing of mRNA molecules has revealed extensive base-paired secondary structures, which may have significant biological functions (Adams et al., 1969; Sanger, 1971; Min Jou et al., 1972; Proudfoot & Brownlee, 1974; Fiers et al., 1975) . A functional requirement for such RNA loops could impose a major restriction on the possible amino acids in a functional protein (Ball, 1972) . Analyses of the MS2-virus coat-protein RNA sequences have suggested that such constraints have been involved in this case (Ball, 1973a,b) . However, this type of assessment is complicated by the fact that the genetic code is such that a high degree of secondary structure can be obtained in random nucleotide sequences (Gralla & De Lisi, 1974; Fitch, 1974) .
The triplet nucleotide codons in the opposite arms of an RNA loop can be either exactly matched (codon-to-codon matching) or can be mismatched in two ways. Analyses involving consideration of all possible codon phasings have been applied to detect amino acid sequences that can be theoretically coded for by looped RNA sequences (White et al., 1972;  Vol. 153 Riley, 1973; Laux et al., 1973; Fitch, 1974) . However, no assessments ofthe improbability of the 'successful' amino acid orderings were made in these studies, and further, this approach is not very useful for the prediction of actual mRNA sequences (Mark & Petruska, 1972; Fitch, 1972 Fitch, , 1974 Wu et al., 1974) . Nevertheless, these types of analyses can provide an alternative assessment of the non-randomness of an amino acid sequence, as in the case of the lowprobability informational symmetry, based on codon-to-codon matching, found for somatostatin (Polya, 1975) . Although no evidence in favour of the occurrence of codon-codon matching symmetry ('anticomplementary repetition') has been found in immunoglobulins and ferredoxins (Urbain, 1969) , this type of symmetry can be found in other proteins. The present paper describes the occurrence and significance of extensive informational symmetries, based on codon-to-codon matching, in some major structural and chromosomal proteins.
Experimental
Detection ofcodon-to-codon-matching symmetries Informational complementarities in amino acid sequences, assuming codon-to-codon matching and ignoring G,U base-pairing, were determined by using the matrix-display scheme ofPolya (1975) . The amino acid complements considered in this analysis are listed in Table 1 . A Fortran IV computer program was designed to handle large amino acid sequences, and computations were carried out by using a PDP-10 Table 1 . Amino acid complements considered in the codonto-codon-matching analysis All pairs of 'complementary amino acids' are listed, for which a possible codon for one amino acid could be completely complementary (in an antiparallel and exact codon-to-codon-matching sense) to a possible codon for the complementary amino acid. The singloletter. code used for the amino acids (Dayhoff, 1972 ) is as-follows: A, alanine; C, cysteine; D, aspartic acid; E, glutamic acid; F, phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; M, methionine; N, asparagine; P, proline; Q, glutamine; R, arginine; S, serine; T, threonine; V, valine; W, tryptophan; Y, tyrosine.
and third nucleotides respectively of opposite codons can bi base-paired.) One can assess the significance of these three codon-matching arrangements in the context ofgene evolution directed towards optimizing RNA autocomplementarity, with the retention of the functional amino acid sequence. Since the maximum variability in codons for amino acids with a multiplicity of codons is located in the 3'-terminal nucleotide position of codons, matching of these positions (phase 3) is least advantageous, and use of phase 1 or phase 2 matching arrangements offers the best strategy for retention of an amino acid sequence with optimized RNA looping. However, the middle base of atriplet codon is the base most responsible for the general character (e.g. hydrophobicity) of the corresponding amino acid. Accordingly, the use of phase 2 matching would yield the best conservation of the general character of the amino acids of the sequence in this evolutionary scheme (North, 1972) . This conservation of the general character of amino acids gains added significance if one considers the importance of inernal (more non-polar) rather than surface (more polar) amino acids in the determination of homologous tertiary structures by non-homologous amino acid sequences in the two halves of a protein such as clastase (Shotton & Watson, 1970) or chymotrypsin (Nishikawa & Ooi, 1974) .
computer. The matrices were examined for extensive and contiguous complementary sequences, which could then be arranged as codon-codon-matched loops (informational-complementarity loops), as previously described (Polya, 1975) .
Application of this restrictive analysis can be used to determine those amino acid sequences that are ordered in such a way that it is possible to construct theoretical coding mRNA sequences, which are looped in a fashion involving extensive codon-tocodon matching. The restrictions greatly simplify the analysis to a simple matrix-display procedure of the kind used by Tinoco et al. (1971) to determine the minimum-energy secondary structure of RNA sequences. These restrictions also minimize the number of statistically probable orderings, which result from more general matching analyses, which consider all possible codon phasings. However, as described below, a codon-to-codon matching arrangement has, in addition, a peculiar significance, in comparison with other codon-phasing possibilities, in the context ofthe evolution oflooped mRNA sequences involving maximal retention of the general chemical character of the amino acid sequences thus encoded.
The triplet nucleotide codons in the base-paired opposite arms of an RNA loop can be either exactly matched (phase 2) or mismatched in two ways (phases 1 and 3). (We are here defining phases 1, 2 and 3 as matching arrangements, in which the first, second Assessment ofthe significance ofsymmetries
The codon-codon-matched loops (informationalcomplementarity loops) were assessed statistically, by determining the probability (P) that a random amino acid sequence, of the same length as the sequence concerned, would have an equal or greater degree of symnmetry (c.f. Brezinski, 1975) . Foran odd-numbered amino acid sequence of length (2n+ 1), matched head to tail, this probability can be determined from the relationship:
r-E n1 17) where P is the probability of obtaining a (1, 2n+ 1) match and at least m out of the remaining (n-1) pairs matched, assuming an average of three complementary amino acids per amino acid (Polya, 1975) . For even-numbered sequences of length (2n+2) around the diagonal of the matrix, one can for simplicity ignore the two central codons in the loop (since we have a requirement for unpaired nucleotides in the head of RNA loops), and apply the same probability estimation indicated above. Values of P for a large number of values of n and (m+ 1) were computed by using a Fortran IV program.
The probabilities discussed above relate to the 'concentration' of informational complementarity within a discrete amino acid sequence, and give the 1976 682 AMINO ACID-SEQUENCE SYMMETRIES probability of finding a sequence of a certain size, with at least a specified degree of matching at a particular point in a much larger overall amino acid sequence. If P is the probability of finding a (2n+ 1) or (2n+2) loop with at least (m+ 1) out of n possible matches at a particular point in an overall sequence of N amino acids in a discrete polypeptide, then the probability (F') of finding an arrangement of this size and with at least this degree of matching anywhere in the overall sequence is given by:
Note that in our analysis we have restricted ourselves to consideration of contiguous amino acid sequences that are informationally complementary in a codon-to-codon-matching sense. Such contiguous sequences could be theoretically coded for by an RNA sequence determining a hairpin-loop secondary structure. Non-contiguous sequences that are informationally related as described above were also found. Such arrangements could be theoretically coded for by RNA sequences determining, for example, extensive complementarity between sequences at the 5'-and 3'-ends ofthe mRNA. For simplicity we have not considered such non-contiguous 'anticomplementary repetitions' (Urbain, 1969) in our analysis.
Results
The most significant informnational-complementarity loop derived from human myelin basic protein is shown in Fig. l(a) . The N-terminal half of this sequence is of considerable biological significance, since it is evolutionarily conservative and contains the main deterniinant of the encephalitogenic potency of theprotein, aswell as residues that can be glycosylated, methylated or phosphorylated in vivo (Dunkley & Carnegie, 1974) . Conversely, the C-terminal half of this sequence has diminished functional significance, since the homologous rat S (small) myelin basic The data are taken from Dayhoff (1972) . The letters represent amino acids (see Table 1 ), and the complementarities are represented by vertical lines. (a) Loop derived from the sequence threonine-98 to serine-132 of human myelin basic protein.
For this sequence P = 2.4 x 10-5 and P' = 0.003. (b) Loop derived from histone IV. This sequence in pea histone IV differs from the bovine and pig sequences in having isoleucine instead of valine in position 60, as indicated (Dayhoff, 1972) . The probability of obtaining at least this degree of complementarity in a sequence of this size anywhere in a random 102-amino acid sequence is approx. 0.0003.
Vol. 153 protein has a major C-terminal deletion of 40 amino acids, commencing with the equivalent ofalanine-118 of the human myelin basic protein (Dunkley & Dayhoff (1972 Dayhoff ( , 1973 .
Carnegie, 1974). Thus the symmetry element shown in Fig. 1(a) is located in a notable part ofthe protein, and the two halves of this amino acid sequence appear to differ radically in terms of functional significance. Bauer (1972) has claimed that sequences within the myelin basic protein sequence shown in Fig. 1(a) have homology with an 'ancestral histone IV gene'. Our analysis of histone IV revealed the lowprobability informational-complementarity arrangement shown in Fig. 1(b) . Several sequences within this sequence are also homologous to the 'ancestral histone IV gene' (Bauer, 1971) . It was found that other basic non-catalytic proteins, namely the protamines, yielded low-probability informational-complementarity loops on application of our analysis. The protamines are unusual in that argmine accounts for about two-thirds of the amino acid composition, and most of the arginine is accommodated in blocks of 3-6 consecutive arginine residues. However, in addition, the protamines contain at least one sequence (Ser-Ser-Ser-Arg-Pro or Ala-Ser-Arg-Pro) rich in amino acids that can complement the arginine-rich sequences in our analysis (Table 2 ). For tuna-fish protamine, the spacing of two such sequences ofarginine-complementary amino acids is such that a multiplicity of extensive informational-complementarity loops can be constructed, as shown in Fig. 2 . A multiplicity of very-low-probability Vol. 153 orderings can also be derived from the amino acid sequences of clupeines YI, YII and Z (Fig. 3) . The values of P and P' indicate very-low-probability orderings of the amino acids in these protamines, and the significance of these estimates is enhanced if one considers that arginine residues (which of course cannot be matched with each other) represent twothirds of the overall amino acid composition. The amino acids are so ordered that near-maximal matching of complementary amino acids is possible. Thus in the arrangement in Fig. 2(d) , for example, the only matching possibility that is unsatisfied is between tyrosine-17 and the valines 11, 29 and 30. If one considers all the matchings shown in Fig. 2(d) , the probability of obtaining at least this degree of complementarity in a random amino acid sequence of the same length is 0.0005. The most significant informational-complementarity loop found in this study is that for the major repeating sequence in silk fibroin. A major peptide sequence in silk fibroin, which comprises 60 % of the protein, has the sequence:
Gly-Ala-Gly-Ala-Gly-[Ser-Gly.(Ala-Gly)J]8-SerGly-Ala-Ala-Gly-Tyr where n is usually 2 and has a mean value of 2 (Lucas & Rudall, 1968) . Riley (1973) showed that a codonto-codon-matching arrangement could provide maximal theoretical autocomplementarity for the silkfibroin mRNA. Riley (1973) attempted to predict the silk-fibroin mRNA sequence, with limited success in relation to the mRNA sequence data of Suzuki & Brown (1972) . As discussed above, this type of analysis is not useful for the prediction of mRNA sequences, but it can be used to quantify the nonrandomness of an amino acid sequence in an informational sense. The repeating sequence Ser-Gly-AlaGly-Ala-Gly could be completely complementary to itself in a codon-to-codon-matching sense. Since the sequence is repeated, one can then arrange the whole of the squence under study in the form of a huge informational-complementarity loop (Fig. 4) . The probability of obtaining this degree of complementarity in a random amino sequence of the same length is approx. 2 x 10-23, this very low value being derived from the extensive and faithful repetition of the sequence Ser-Gly-Ala-Gly-Ala-Gly.
Since the codon-to-codon matching analysis applies so dramatically to silk fibroin, it was decided to apply our analysis to other major structural proteins that involve a homogeneous secondary structure and contain repeated amino acid sequences. Collagen is a major structural protein with an extensive triple-helix structure (Rich & Crick, 1961) . Inspection of the Nterminal sequence of the rat skin collagen al chain (Dayhoff, 1972) reveals that, commencing with glycine-13, every third amino acid is a glycine. The positions between the glycine residues are occupied by a high proportion of glycine complements, these being mainly proline (hydroxyproline) and alanine. This arrangement determines a high degree of informational complementarity between collagen amino acid sequences. The informationalcomplementarity matrix derived from the N-terminal 137-amino acid sequence of rat skin collagen al chain demonstrates that a very large number of sequence elements are extensively complementary to each other in terms of our analysis (Fig. 5) . The values of P for the matching sequences range down to 4 x 10-. A remarkable feature of this collagen seen from the matrix is that the N-terminal sequence of five amino acids (Gly-Tyr-Asp-Glu-Lys) cannot be extensively matched with any of the possible 5-amino acid sequences that can be tested out of the remaining 133-amino acid sequence (Fig. Sb) . This is largely because the initial N-terminal sequence is devoid of glycine complements. Other similar regular discontinuities are also visible in the matrix (Fig. Sb) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . The absence of significant complementarity from these regions contrasts dramatically with the extensive complementarities elsewhere in the sequence (Fig. 5) .
Sheep keratins were examined as obvious examples of structural proteins with sequences determining an extensive a-helical secondary structure (Lundgren & Ward, 1963) . Analysis of the sheep keratin polypeptide SCMK-B2C revealed a multiplicity of lowprobability informational-complementarity loops, as shown in Fig. 6 . For each of these loops, the probability (P') of obtaining a loop of this size with at least the observed degree of complementarity anywhere in a random sequence of 151 amino acids is approx. 0.001. Note that the L-Q complementarity at the head of the loop in Fig. 6(d) was ignored in this calculation. The most significant symmetries found are derived from the region bounded by serine-22 and glycine-63. This region includes a striking element of repeating sequences occupying positions 30-55 of the polypeptide: Gln-Thr-Ser-Cys-Cys-Gln-Pro-ThrSer-Ile-Gln-Thr-Ser-Cys-Cys-Gln-Pro-Thr-Cys-LeuGln-Thr-Ser-Gly-Cys-Glu.
Discussion
We have found a multiplicity of low-probability orderings of amino acids in naturally occurring sequences, based on possible autocomplementarity in the mRNA involving codon-to-codon matching. It must be noted that the orderings demonstrated and the statistical estimates given are independent of the actual codons in the mRNA coding for the amino acid sequences concerned. We believe that the surprising symmetries demonstrated in this paper demand some rationalization.
Before attempting to provide a rationalization of these phenomena it is useful to consider whether the 'successful' sequences described in this paper have any common properties that may be pertinent to the problem. Some major related properties are listed below.
(1) These proteirns are major structural proteins with no ascribable catalytic functions. We have been unable to find comparable low-probability amino acid orderings (in terms ofP' values) in a number ofligandbinding or catalytic proteins examined.
(2) The general character of the amino acid sequences concerned are peculiar in that the fibroin, keratin and collagen sequences determine homogeneous secondary structures. The other proteins considered are very basic proteins.
(3) In all cases the sequences that can be arranged in informational-complementarity loops involve repeated amino acid sequences. These repeated sequences are obvious for the protamines, fibroin, collagen 1976 
and keratin (Dayhoff, 1972 (Dayhoff, , 1973 or have been otherwise detected, as for histone IV (Bauer, 1971) and myelin basic protein (Bauer, 1972) . (4) The sequences examined are stable from an evolutionary point ofview, the best example being the histone IV sequences (Dayhoff, 1972) . The same observation applies to myelin basic protein (Bauer, 1972; Dunkley & Carnegie, 1974) . The protamine, fibroin, collagen and keratin sequences are also examples of evolutionary conservatism in the sense that they involve repeated sequences and a high degree of fidelity in such repeated sequences.
A possible explanation for the phenomena described in this paper is now presented. As discussed above, a codon-to-codon matching strategy yields the best conservation ofthe general character ofan amino acid sequence, in the context of an evolutionary scheme directed towards maximizing coding polynucleotide autocomplementarity (North, 1972) . The low-probability orderings described in the present paper may reflect an evolution of the sequences concerned, which has been constrained by both protein and polynucleotide secondary-structure requirements in this extremely conservative fashion.
This explanation is consistent with the non-catalytic (i.e. functionally simple) role and the evolutionary conservatism of these proteins. The cases of fibroin, keratin and collagen, in which the sequences determine homogeneous secondary-structure elements, are consistent with involvement of this evolutionary scheme, which will conserve the general character of amino acid sequences. The success of very basic non-catalytic proteins in this analysis is also consistent with this scheme. In this connexion the discontinuity at the N-terminals of the collagen sequence (Fig. 5) can be explained in terms of the hydrogenbonding of nucleotides at the 5'-end of the mRNA to nucleotides in an untranslated RNA sequence (cf. Min Jou et al., 1972; Brawerman, 1974) , although other such discontinuities cannot be obviously rationalized. The marked differences in functional significance of the two halves of the myelin basic protein loop (Fig. la) can also be rationalized in terms of our evolutionary scheme.
One can imagine DNA being organized into singlestranded loops, as in the arrangements proposed by Gierer (1966 (Dayhoff, 1972) , and the generation ofrat S myelin basic protein from its larger evolutionary precursor (Dunkley & Carnegie, 1974) , can be rationalized in terms of DNA loops similar to those implied by Figs. 3 and 1(a) respectively. Excision and relocation of such DNA loops also provides an evolutionary mechanism for generation of repeated amino acid sequences. In this sense the presence of repeated sequences within the informationally complementary sequences studied here and the peculiar location of the loop in myelin basic protein are consistent with our suggested interpretation of these low-probability orderings.
Our suggested explanation involves an extremely conservative evolutionary mechanism, which can nevertheless be radical in the sense of generating repeated amino acid sequences. However, it is not clear as to whether there is a need for such a restrictive mechanism for conservation of functionally indispensable sequences. Further, if there is a need for autocomplementarity in mRNA, extensive (but not specifically located) base-pairing is easily achieved, without restricting the nature of the amino acids thus encoded. Nevertheless, if our rationalization is incorrect, the multiplicity of low-probability orderings demonstrated in this paper (which are independent of the actual codons in the mRNA) must be explained in terms of some, as yet unknown, relationship between the genetic code and functionally permissible amino acid sequences in these proteins.
